Background: Exosomes/microvesicles (EMVs) transport protein cargo between cells effecting cell-cell communication. Results: Alteration of N-link glycans controls recruitment of specific proteins (e.g. EWI-2) into EMVs. Conclusion: N-Linked glycosylation is a key determinant of glycoprotein sorting into EMVs. Significance: This is the first demonstration that N-linked glycans mediate protein sorting to EMVs.
SKOV3 (16) . This suggests that glycans may be a sorting motif for EMVs. Herein we provide strong evidence of a direct role for N-link glycans in the sorting of proteins to EMVs. We demonstrate that recruitment of a specific glycoprotein, EWI-2, is dependent on the number of N-linked glycans attached to the protein core. Overall, our data identify N-linked glycans as a determinant of protein trafficking into EMVs.
EXPERIMENTAL PROCEDURES

General Cell Culture
The Sk-Mel-5 cell line was purchased from the NCI-Frederick, National Institutes of Health. Cells were cultured in growth media (RPMI 1640 (Lonza) supplemented with 10% fetal bovine serum (FBS, v/v, Innovative Research) and 2 mM L-glutamine (Cellgro)). Cells were maintained at 37°C and 5% CO 2 .
Cloning of CD63-Venus Construct
The CD63 coding sequence was cloned from pCT-CD63-GFP (System Biosciences) via PCR with following primers: forward (5Ј-AAAAACTCGAGATGGCGGTGGAAGGAGGAAT-3Ј) and reverse (5Ј-AAAAAGCGGCCGCCATCACCTCGTA-GCCACTTC-3Ј).
Venus (17) , a YFP variant, was cloned into the EcoRV and HindIII sites of pcDNA3.1B. The CD63-PCR product was then cloned into the XhoI/NotI sites of the Venus pcDNA3.1B to create our CD63-Venus construct (CD63 C terminus linked to Venus). Endo-free DNA was purified using the Endo-free Maxiprep kit (Qiagen).
EWI-2-FLAG Constructs
Cloning-A plasmid containing the EWI-2 coding region was purchased from Origene (SC120151, NM_052868.1). A construct containing EWI-2 with a C-terminal FLAG tag sequence was created via PCR with the following primers: forward (5Ј-AAAAACTCGAGATGGGCGCCCTCAGGCCCACG-3Ј) and reverse (5Ј-AAAAAAAGCTTTCACTTATCGTCGTCAT-CCTTGTAATCTCCTCCTCCCCGTTTTCGAAGCCTCT-TCATGAA-3Ј).
The EWI-2-FLAG PCR products were digested with XhoI and HindIII restriction enzymes (New England Biolabs) and inserted into plasmid pcDNA3.1B to create the wild type EWI-2 construct (wtEWI-2-FLAG). Site-specific mutagenesis was performed on wtEWI-2-FLAG using the QuikChange Site-Directed Mutagenesis kit from Qiagen with the following primers in succession to create the three glycosylation mutant constructs of EWI-2, N1, N12, and N123: N1 forward (5Ј-TCCTG-CCAGGTGACCGGCTATGAGGGC-3Ј) and reverse (5Ј-ATA-GCCGGTCACCTGGCAGGAGATGGA-3Ј); N12 (N1-EWI-2-FLAG was used as template) forward (5Ј-CTGTGCCAGGT-GTCAGGGGCACTTCCC-3Ј) and reverse (5Ј-TGCCCCTGAC-ACCTGGCACAGCAGTTC-3Ј; N123 (N12-EWI-2-FLAG was used as template) forward (5Ј-CTGTGCCAGATCTCTGTGCG-GGGTGGC-3Ј) and reverse (5Ј-CCGCACAGAGATCTGGCA-CAGCAGGGA-3Ј). Endo-free DNA of all constructs was obtained using the Endo-free Maxiprep kit (Qiagen).
Transfection-For EWI-2 transfection experiments, cells were cultured to ϳ60% confluency, the growth medium was replaced with EMV-free media (RPMI 1640 with 10% EMV-free FBS (v/v, FBS was centrifuged overnight at 100,000 ϫ g to remove EMV) and 2 mM L-glutamine), and cells were treated with TransIT 2020 (Mirus)-EWI-2-FLAG plasmid complexes. EMV-free media was used due to issues with cell death under the transfection conditions with serum-free medium and the improved transfection rate observed. Transfected cells were cultured for 48 h to allow plasmid expression before collection of media for isolation of EMV as described below.
Fluorescence Microscopy
Cells were plated on sterile 35 ϫ 10-mm glass-bottomed plates (InVitro Scientific) and grown to ϳ75% confluency for imaging. Cells were then washed with HBSS (Cellgro) and fixed in 4% paraformaldehyde (PFA, Electron Microscopy Sciences) at room temperature. After fixation, cells were washed 2ϫ with HBSS before staining. Cells were stained with either fluorescently labeled antibodies (Pacific Blue ␣-human CD63, 1:100, BioLegend, clone H5C6; FITC ␣-human CD81, 1:100, BioLegend, clone 5A6; FITC ␣-FLAG, 1:100, Abcam, polyclonal goat IgG), or biotinylated lectin (biotin-DSA (Datura stramonium), 1:100 dilutions, Vector Laboratories) in HBSS and applied on the cells for 30 min at 37°C. For biotinylated DSA, strepavidin-Cy5 (1:100 in HBSS, Invitrogen, 15 min, 37°C) was used to visualize staining. After staining, cells were washed with 2ϫ HBSS and imaged in HBSS to prevent drying.
For imaging with CD63-Venus, cells were grown to ϳ60% confluency and transfected with the CD63-Venus construct using TransIT 2020 reagent (Mirus). Transfected cells were cultured for 24 h before staining as previously described.
For chitin inhibition of DSA binding, DSA-biotin was preincubated with chitin hydrolysate (1:4 vol:vol in HBSS, 100-l total volume, Vector Laboratories) or HBSS only at room temperature for 40 min before use for cell staining as previously described.
For PNGase F and endoglycosidase H treatment, cells were grown to 85% confluency, fixed as previously described, and treated with PNGase F (500 units, 100 l in reaction buffer (10 l of 10ϫ reaction buffer in 90 l of HBSS; New England Biolabs), endoglycosidase H (500 units, 100 l in reaction buffer; New England Biolabs), or HBSS only at 37°C for 1 h; slides were then rinsed 1ϫ with 2 ml of HBSS before staining as previously described. For imaging with 1-deoxymannojirimycin (DMJ) treatment, Sk-Mel-5 were grown to ϳ60% confluency and treated with DMJ (LC Scientific, 1 mM in growth media) for 48 h before staining as previously described.
For imaging with EWI-2-FLAG, cells were grown to ϳ60% confluency and transfected with the EWI-2-FLAG construct using TransIT 2020 reagent (Mirus). Transfected cells were cultured for 24 h before staining as previously described.
For imaging with EWI-2-FLAG under DMJ treatment, cells were grown to ϳ60% confluency and treated with DMJ for 24 h. Cells were then transfected in the same media with EWI-2-FLAG construct DNA complex using TransIT 2020 reagent (Mirus). Transfected cells were cultured for another 24 h in DMJ media before staining as previously described.
Fluorescence images were obtained using an inverted microscope (Nikon Eclipse Ti; Photometrics CoolSNAP ES mono-chrome camera) with a 60ϫ oil immersion lens (NA 1.4) controlled by Nikon NIS Elements AR software. FITC and Venus images were obtained with the dichroic mirror (86012v2, Chroma Technologies) and separate excitation (465-495 nm) and emission (515-555 nm) filters; Cy5 images were obtained with the dichroic mirror (86012v2) and excitation filter (625 to 650 nm) and emission filter (670 nm). Fluorescence images were background-subtracted and thresholded using the NIS Elements AR software.
Colocalization analysis was done using the colocalization module of NIS Elements AR software. The fluorescence images were merged, and labeled cells were selected. The quantitative assessment of colocalized area was performed using Pearson's correlation and Mander's coefficient.
For deconvolution analysis, cells were imaged at multiple z-planes with fluorescence microscopy. Multi-z stack images were processed using the deconvolution module of NIS Elements AR software. A single focal plane is shown.
EMV Isolation
For isolation of untreated EMV, cells were cultured to ϳ60% confluency and rinsed 2ϫ with HBSS (Cellgro). Serum-free medium (RPMI 1640 with 2 mM L-glutamine) was then added. Cells were cultured for 48 h before the collection of media. For a typical EMV isolation, media from 4 ϫ 150-mm plates were combined.
EMVs were isolated as previously described (14) . In brief, collected media were subjected to differential centrifugation to remove cell debris and large vesicles (300 ϫ g for 15 min, 2000 ϫ g for 20 min, and 10,000 ϫ g for 30 min; all centrifugation steps were done at 4°C). Clarified supernatant was then subjected to ultracentrifugation at 100,000 ϫ g (Beckman Coulter) at 4°C for 70 min to obtain an EMV pellet. The pellet was resuspended in PBS, and the suspension was centrifuged at 100,000 ϫ g at 4°C for 70 min. The pellet was then resuspended in ϳ60 l of PBS, and protein concentration was determined by the microBCA assay (Thermo Scientific).
Membrane Preparation
Cells were scraped off plates in PBS using a cell scraper and pelleted at 300 ϫ g for 15 min. The cell pellet was washed in 1ϫ PBS, resuspended in PBS containing protease inhibitor mixture, and sonicated (5 s, 3 sets, 100% power, 4°C, Branson sonicator). The cell membranes were then pelleted at 4°C and 14,000 ϫ g for 1 h. The membrane pellet was washed 1ϫ with PBS, and membranes were resuspended in ϳ1 ml of PBS. Protein levels were quantified via Bio-Rad DC assay.
Mass Spectrometry and Data Analysis
Equal amounts of EMV or total cell membrane samples (300 g) were diluted in HEPES-PPS (10 mM HEPES, pH 7.5, 0.15 M NaCl, 0.1 mM Ca 2ϩ , 0.1% PPS Silent Surfactant (Expedeon)) and incubated on ice for 15 min followed by sonication (5s, 100% power, Branson sonicator). Sonicated samples were applied to a DSA-agarose column (DSA-agarose, 0.6 ml, Vector Laboratories) to isolate DSA-binding glycoproteins and complexes from non-DSA-bound proteins. The column was washed with 5 volumes of HEPES and eluted with chitin hydrol-ysate (1:5 dilution in HEPES, Vector Laboratories). Eluate and unbound fractions were collected for mass spectrometry.
Protein concentrations of the samples were verified using SDS-PAGE and imaged using standard conditions described previously (18) . Thirty micrograms of each sample was normalized and suspended in 0.1% Rapigest (Waters Corp.), reduced (10 mM DTT), alkylated (20 mM iodoacetamide), and digested with proteomics grade trypsin (1:25 trypsin:protein) at 37°C overnight. Digests were separated into 12 fractions using an Agilent OFF gel 3100 fractionator and analyzed using an Agilent 6520 Q-TOF system coupled to a chip cube interface as described previously (18) . Data were searched against the Swis-sProt Mammals subset using Mascot (Matrix Science) and SpectrumMill (Agilent) using standard modifications and parameters (methionine oxidation, carbamidomethylation of cysteine, ϩ2 to ϩ4 charge state; 30 ppm and 0.1 Da for precursor and product ion tolerances, respectively). Result files were uploaded into Scaffold v2.0.3 (Proteome Software) for further analysis, including XTandem! subset database searching, gene ontology annotation, and data visualization (see supplemental Table 1 for details).
Western Blot Analysis
EMV samples and membrane preps with equal amounts of total protein (15 g) were resolved by SDS-PAGE and transferred to nitrocellulose membranes for Western blot analysis. Membranes were blocked with blocking buffer (10% milk in PBS, pH 7.4, with 0.005% Tween 20 for DSA blot, 10% BSA in PBS, pH 7.4, with 0.005% Tween 20) and probed for CD81 (1:1000, Millipore, clone I.3.3.22, monoclonal mouse IgG), EWI-2 (1:1000, Abcam, polyclonal rabbit IgG), CD63 (1:1000, Millipore, clone RFAC4, monoclonal mouse IgG1), G3BP (1:1000, Abcam, polyclonal rabbit IgG), ADAM10 (1:1000, Abcam, polyclonal rabbit IgG), galectin-3 (1:1000, eBioscience, polyclonal rat IgG(biotinylated)), FLAG (1:1000, Sigma, polyclonal rabbit IgG), or biotin-DSA (1:500, Vector Laboratories). All dilutions were in blocking buffer. Membranes were washed 3ϫ with PBST (PBS, pH 7.4, 0.005% Tween 20) followed by incubation with the appropriate HRP-conjugated secondary antibody (1:2500, goat ␣-mouse or goat ␣-rabbit, Bio-Rad) or ␣-biotin-HRP (1:2500, Cell Signaling Technology) diluted in blocking buffer. All incubations were done at room temperature for 1 h. After washing 3ϫ with PBST, blots were visualized with Supersignal West Femto Chemiluminescent Substrate (Thermo Scientific). For stripping, the blot was incubated with stripping buffer (Thermo Scientific) for 20 min followed by washing 1ϫ with PBS and incubation with blocking buffer (40 min) before probing with a different antibody.
Immunoprecipitation and PNGase F Treatment of Wild Type (WT) EWI-2-FLAG
Wild type EWI-2-FLAG-transfected Sk-Mel-5 membrane preparations (250 g) were resuspended in lysis buffer (2 mM EDTA, PBS, 1% Brij 97; Sigma) and centrifuged (2500 ϫ g, 5 min, 4°C) to remove undissolved material. ␣-FLAG antibody (1:100, Sigma, clone M2, monoclonal mouse IgG) was added to the cleared supernatant. After 1 h at room temperature, protein G beads (50 l, Pierce Protein G-agarose beads; Thermo Scien-tific) were added, and the mixture was incubated for 1 h at room temperature. The beads were then spun down at 2500 ϫ g, 1 min, washed 2ϫ with PBS, and resuspended in 30 l of PBS. The suspension was heated at 98°C for 5 min to denature proteins and remove them from the beads. The mixture was spun for 2500 ϫ g for 1 min, and the supernatant was collected. The samples (15 l of supernatant each) were treated with or without PNGase F (2 l, ϳ1000 units, New England Biolabs) following the company's protocol. The samples were analyzed by lectin blot and Western blot analysis as previously described.
DMJ Treatment
Sk-Mel-5 cells cultured to ϳ50% confluency were treated with growth media containing the mannosidase inhibitor DMJ (LC Scientific, 1 mM in growth media). Cells were cultured for 24 h after which the medium was removed, and cells were washed 2ϫ with serum-free media (RPMI 1640 with 2 mM L-glutamine). Cells were then cultured in serum-free medium containing 1 mM DMJ for an addition 24 h before EMV isolation as previously described.
Immunoprecipitation of CD81
DMJ-treated or control Sk-Mel-5 membrane preparations (500 g) were resuspended in lysis buffer (50 mM Tris, 150 mM NaCl, 1% Nonidet P-40; Sigma) and centrifuged (10,000 ϫ g, 10 min, 4°C) to remove undissolved material. ␣-CD81 antibody (1:100, Millipore, clone I.3.3.22, monoclonal mouse IgG) was added to the cleared supernatant. After 1 h at room temperature, protein G beads (50 l, Pierce Protein G-agarose beads; Thermo Scientific) were added, and the mixture was incubated for 1 h at room temperature. The beads were then spun down at 10,000 ϫ g for 1 min, washed 1ϫ with PBS, and heated at 98°C for 6 min. The samples were analyzed by Western blot analysis as previously described.
EWI-2 Knock-out Experiments
Generation of EWI-2 Knock-out Cell Line-Lentiviral stocks of the Mission shRNA clone against EWI-2 were prepared by the shRNA core service (TRC 1.5 library, TRC# TRCN0000057079; NYU Lagone School of Medicine). Sk-Mel-5 cells were seeded in 96-well plates (Costar, Fisher) with shRNAcontaining lentivirus (multiplicity of infection ϭ 3) in growth media. After 24 h growth media were replaced with selection media (growth media containing 1 g/ml puromycin) for selection. Cells were grown in selection media and propagated a minimum of 5 days before use in experiments and initial analysis by Western blot to confirm knockdown of EWI-2.
EMV Isolation-Cells were grown in selection medium to ϳ80% confluency in 150-mm plates. Cells were then washed, and selection medium without FBS was added. After 24 h, medium was collected for EMV isolation as previously described.
RESULTS
EMV Marker Proteins Colocalize with Complex N-Glycans in Discrete Membrane
Microdomains-In previous work using the T-cell line Jurkat we demonstrated that glycans enriched in EMVs colocalize with a lipid marker of membrane microdo-mains associated with EMVs (15) . Tetraspanins are a family of conserved transmembrane proteins that is widely observed in endothelial cells and form tetraspanin-enriched microdomains from which EMVs are thought to arise (19 -21) . The tetraspanins CD63, a glycoprotein, and the non-glycosylated CD81 are the most common markers of EMVs (8) . In previous experiments we showed that EMVs isolated from the skin cancer cell line Sk-Mel-5 were enriched in these marker proteins (14) . We chose to use Sk-Mel-5 for our EMV experiments throughout this work as high levels of EMVs could be obtained from this cell line, enabling our studies examining the effects of genetic and biochemical manipulation of glycans on EMV protein content.
To determine whether EMV-enriched glycans colocalize with protein markers of EMVs in microdomains, we examined the colocalization of the poly/multiantennary LacNAc lectin DSA (22, 23) with the tetraspanins CD63 and CD81 by fluorescence microscopy. DSA was chosen based on our previous work, which showed enrichment of poly/multiantennary Lac-NAc epitopes in EMVs from Sk-Mel-5 compared with the parent membrane (14) . In brief, cells were grown in glass-bottomed dishes and fixed with 4% paraformaldehyde under mild, non-permeabilizing conditions. Cells were then stained with biotinylated DSA followed by staining with Cy5-␣-biotin and fluorescently labeled ␣-CD81 and/or ␣-CD63 antibodies ( Fig.  1 , data not shown). In initial experiments we observed diffuse staining with multiple ␣-CD63 antibodies; therefore, we used a CD63-Venus C-terminal fusion construct for our microscopy studies (Fig. 1B) . This construct is similar to others used in the literature for CD63 imaging (24, 25) and colocalizes with CD81 as expected (data not shown). DSA staining was highly colocalized with the EMV-tetraspanin markers, arguing that they stain the same membrane microdomains ( Fig. 1 ). Colocalization between CD81 and DSA-Cy5 showed a very strong correlation (Pearson correlation coefficient (PCC): 0.876; Mander's overlap (MO): 0.941) indicating a highly significant overlap between the two markers (26, 27) . Colocalization between Venus-CD63 and DSA-Cy5 was less strong although still highly significant (PCC: 0.662; MO: 0.845), reflecting the internal signal of the expressed Venus-CD63 construct in these non-permeabilized cells. When only cell surface staining was considered, the correlations were in line with those observed for CD81 staining (PCC: 0.875; MO: 0.944). Lectin staining was specific for complex N-linked glycans. As expected, staining was inhibited by chitin hydrolysate (Fig. 1C) (28) . In addition, PNGase F, which cleaves all N-glycans, but not endoglycosidase H, which can only cleave hybrid and high mannose N-linked epitopes, abolished the DSA signal ( Fig. 1D ). These results support the argument that EMVs arise from membrane microdomains with poly/multiantennary LacNAc glycosylation, pointing toward a potential role for complex N-glycans in sorting of proteins to these particles.
EWI-2 Is an EMV Glycoprotein Whose Trafficking Is Dependent on Complex N-Glycans-In preliminary experiments, we identified glycoproteins enriched in Sk-Mel-5 EMVs using a DSA pulldown approach coupled with mass spectrometry (supplemental Fig. 1 ; see supplemental Table 2 for a full list of identified proteins and supplemental Table 3 for a full list of identified peptides). Several glycoproteins were enriched in the N-Linked Glycan-dependent Protein Trafficking to EMV NOVEMBER 21, 2014 • VOLUME 289 • NUMBER 47
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DSA-bound fraction from EMV samples including the metallopeptidase ADAM10 and galectin-3-binding protein (G3BP), both of which had been previously identified in EMVs (16, 29) , and EWI-2, a CD81 interacting protein (30, 31) . We confirmed the enrichment of EWI-2, G3BP, ADAM10, and the EMV markers CD81 and CD63 in Sk-Mel-5 EMVs (Fig. 2) . In brief, Sk-Mel-5 EMVs were isolated as previously described by differential centrifugation, and equal amounts by protein of EMV and total cell membrane (TCM) were analyzed by Western blot analysis (14) .
EWI-2, also known as IgSF8, is a member of the immunoglobulin superfamily (IgSF) that plays a role in cell migration (32, 33) . EWI-2 has four extracellular Ig-like domains, three of which bear N-glycans, and a single transmembrane domain that directs its known interactions with CD81 (30) . We validated the presence of DSA-positive complex N-glycans on EWI-2 (Fig. 3,  A and B) . Briefly, a C-terminal FLAG-tagged EWI-2 construct was overexpressed in Sk-Mel-5 cells and immunoprecipitated from the total cell membrane fraction with an ␣-FLAG antibody. This construct has been used in previous studies to exam-ine the glycosylation and cleavage of EWI-2 (32, 34) and showed similar enrichment in Sk-Mel-5 EMVs as the native protein ( Fig. 2A and 3A) . The EWI-2 immunoprecipitated fraction was divided in two, and one sample was treated with PNGase F, an enzyme that cleaves N-glycans (35) , as a control. Equal amounts of the samples were then run on a SDS-PAGE gel and analyzed by lectin blot for DSA staining. The blot was stripped and reprobed for the FLAG tag using a different ␣-FLAG antibody than that used for the immunoprecipitate. A DSA-positive smear was observed for the FLAG-tagged EWI-2 with a major band at ϳ75 kDa. As expected, these bands disappeared in the PNGase F-treated sample, confirming that staining was glycandependent. The ␣-FLAG blot showed a diffuse band for the untreated sample, typical of glycosylated proteins bearing complex glycans. This band condensed to a single, strongly stained band at ϳ70 kDa, as expected, for the deglycosylated EWI-2-FLAG construct. Overall our data are in line with previous reports of EWI-2 bearing complex N-glycans in other cell lines (32) and validate the presence of such epitopes on EWI-2 from Sk-Mel-5 cells. To determine whether the glycosylation state of EWI-2 would alter its recruitment to EMVs, we studied the effects of the mannosidase inhibitor DMJ on protein trafficking to Sk-Mel-5 EMVs (36 -38) . DMJ is a well known glycan inhibitor that halts N-glycan processing at the high mannose stage, preventing the formation of hybrid and complex N-glycans such as those that contain poly/multiantennary LacNAc (Fig. 3C ). In brief, we treated Sk-Mel-5 cells with DMJ (1 mM) for 24 h before changing the medium to serum-free medium containing DMJ. After an additional 24 h, medium was collected, and EMVs were isolated for analysis. Sk-Mel-5 cells treated for 48 h with 1 mM DMJ had normal growth and morphology (Fig. 3F ). Furthermore, we observed no differences in the amounts of EMV isolated from DMJ-treated versus untreated cells as quantified by total EMV protein levels, CD63 levels (Fig. 3E) , and pellet size. Both EWI-2 and CD63 from DMJϩ EMVs showed a shift in their molecular weights indicating a loss of complex glycosylation (Fig. 3, D and E) . Sk-Mel-5 cells treated with DMJ under similar conditions showed the expected loss of DSA binding as observed by fluorescence microscopy (Fig. 3F) . A strong reduction in the EWI-2 levels in EMV was observed upon loss of poly/multiantennary LacNAc-containing complex epitopes (ϳ70% reduction observed; Fig. 3D ). This is unlikely to be due to a general effect by DMJ on EWI-2 folding, as EWI-2 FLAG showed no gross relocalization, as would be expected for a protein-folding or cell stress-related trafficking defect upon DMJ treatment (Fig. 3F) arguing for a specific effect of glycosylation on EWI-2 trafficking to EMVs.
EWI-2 Recruitment to EMVs Is Dependent on the Number of N-Linked Glycosylation
Sites-To study the role of N-glycans in trafficking of EWI-2 to EMV in more detail, we created a series of C-terminal FLAG-tagged EWI-2 N-glycan site mutants based on known constructs (32) . These constructs replace the asparagines at one (N1), two (N12), or all three (N123) of the Nlinked glycosylation sites in the protein with glutamine, which is not glycosylated (Fig. 4A) . We overexpressed the FLAGtagged constructs in Sk-Mel-5 and examined their distribution in cells by fluorescence microscopy to determine whether loss of glycosylation causes misfolding and associated mislocalization of the protein. All constructs showed predominantly cell surface binding and no colocalization with an ER marker (ER tracker, red, Fig. 4B ) was observed, arguing that the protein is properly folded and exported to the cell surface.
We next examined the trafficking of these constructs into EMVs. Sk-Mel-5 cells were transfected with WT, N1, N12, or N123 EWI-2 FLAG constructs, and EMVs and total cell membranes were isolated and analyzed by Western blot using an ␣-FLAG antibody for detection. No differences in the levels of EMV isolated from the transfected cells were observed. The wild type EWI-2 construct (WT, Fig. 4C ) showed strong enrichment in EMV isolated from transfected cells consistent with the recruitment into EMV observed for the native protein ( Fig. 2A) . N-Glycan mutants of EWI-2 ran at lower molecular weights due to the loss of glycosylation, consistent with published reports (32) . A clear glycan-dependent decrease in the levels of EWI-2 recruited to EMV was observed and was directly related to the number of N-glycan sites removed (Fig. 4, C and D) . To ensure that this decrease was not due to differences in EWI-2 expression levels between our four constructs, we normalized the expression levels of EWI-2 in EMV to the levels in the TCM for the same construct and compared them to the wild type (WT, N1, N12, N123; Fig. 4D, n ϭ 3 experiments) . Removal of even a single N-glycan site from EWI-2 (N1) resulted in an ϳ50% loss of EWI-2 trafficking to the EMV. No effect was observed on CD63 trafficking to EMV in the transfected cells (Fig. 4E) . These results agree with our previous results and provide strong evidence that N-linked glycans are a determinant of protein trafficking to EMV.
CD81 Trafficking to EMV Is Modulated by Glycosylation in an EWI-2-independent Manner in Sk-Mel-5-CD81
is commonly used as an EMV marker in tandem with CD63. This use assumes that CD81 levels are related to EMV amounts and not other factors such as glycosylation. In our studies with DMJ we were surprised to observe a strong decrease in the levels of CD81 in EMV upon DMJ treatment (ϳ64% reduction, Fig. 5A ). CD81 is a non-glycosylated tetraspanin, so we tested whether the loss of CD81 was due to a loss of expression of the protein. We immunoprecipitated CD81 from equal amounts of total cell membranes from either control or DMJ-treated cells and looked at protein levels by Western blot analysis. We observed no loss of CD81 in total membranes (Fig. 5B) . Analysis of CD81 localization by fluorescence microscopy also showed no loss of CD81 and no gross mislocalization of the protein (Fig. 5C ). Taken together this suggested that CD81 might be chaperoned into EMV by a glycosylation-related mechanism. One possibility is that association of CD81 with a glycoprotein might alter its N-glycans. A, EWI-2 FLAG recruitment to EMVs is similar to native EWI-2. Sk-Mel-5 cells were transfected with a WT EWI-2-FLAG construct. After 48 h, culture medium was collected for EMV isolation, and TCM was isolated from cells. TCM (25 g) and EMVs (10 g) were analyzed for FLAG by SDS-PAGE and Western blot analysis. A higher amount of TCM was used to allow for visualization on the blot. Representative blot of three biological replicates is shown. B, EWI-2 glycans contain poly/multiantennary LacNAc structures. Sk-Mel-5 cells were transfected with wt EWI-2-FLAG. TCM was prepared from cells after 48 h. EWI-2-FLAG was immunoprecipitated from TCM samples using a mouse ␣-FLAG antibody. Immunoprecipitated samples were divided in two and treated either with buffer (PNGase F Ϫ) or PNGase F (PNGase F ϩ). Treated and control samples were analyzed by SDS-PAGE and DSA lectin blot analysis. After imaging, the blot was stripped and probed with a rabbit ␣-FLAG antibody. Western blots shown are representative of two biological replicates. C, schematic representation of the effects of DMJ on EWI-2 glycosylation. Glycan notation follows (57) . D, inhibition of complex N-glycan alters EWI-2 trafficking to EMV. Sk-Mel-5 cells were treated with DMJ (1 mM) for 48 h before collection of TCM or EMV (ϩ DMJ). Untreated Sk-Mel-5 cells were used as a control (Ϫ DMJ). TCM and EMV samples (ϩ/Ϫ DMJ) were probed for EWI-2. Equal amounts of TCM samples (25 g of protein) and of EMV (10 g of protein) were compared by SDS-PAGE and Western blot analysis. Western blots shown are representative of two biological replicates. E, inhibition of complex N-glycan does not alter CD63 levels in EMV. TCM and EMVs from DMJ-treated cells were obtained and analyzed as in D with the exception that blots were probed with an ␣-CD63 antibody. F, cell surface localization of EWI-2 is not affected by DMJ treatment. Sk-Mel-5 cells were transfected with wt EWI-2-FLAG constructs and treated with either DMJ (1 mM, DMJ ϩ) or buffer (DMJ Ϫ) for 48 h. The cells were fixed and co-stained with an ␣-FLAG antibody (FITC-␣-FLAG, green) and DSA (biotin-DSA, Cy5-␣-biotin mAb, red). Cells were imaged at multiple z-planes with fluorescence microscopy. Images were then used for deconvolution analysis with NIS Elements. A single focal plane image is shown. The scale bar is 20 m.
trafficking. Several glycoproteins are known to directly bind CD81 and guide its localization, including EWI-2 (30, 31, 39), EWI-F (40, 41), and CD19 (42) (43) (44) (45) . The interaction between CD81 and EWI-2 is glycan-independent and is through the transmembrane domain of EWI-2 (32). We tested whether EWI-2 might be responsible for the recruitment of CD81 into . EWI-2 trafficking to EMV is dependent on the number of N-glycans. A, schematic of WT and mutant (N1, N12, N123) EWI-2 constructs. FLAG tag at the C terminus is shown in red. B, Sk-Mel-5 cells were transfected with wt, N1, N12, or N123 EWI-2 FLAG constructs. The cells were fixed and co-stained with ␣-FLAG antibody (FITC-␣-FLAG, green) and ER-Tracker Red (red). Cells were imaged at varying z-planes with fluorescence microscopy. Images were deconvolved with NIS Elements, and a single focal plane from the deconvoluted images is shown for each. The scale bar is 20 m. C, Sk-Mel-5 cells were transfected with WT, N1, N12, or N123 EWI-2 FLAG constructs. After 48 h, culture medium was collected for EMV isolation, and TCM was isolated from cells. Equal amounts of TCM samples (25 g) and of EMV (10 g) were analyzed for each construct by SDS-PAGE and Western blot analysis (␣-FLAG antibody). A representative blot of three biological replicates is shown. D, quantification of all biological replicates of analysis shown in C. Western blots were quantified using GelQuant.NET. For each analysis, EWI-2-FLAG intensity from MV samples was normalized to the corresponding TCM samples to account for differences in expression. All data were then normalized to the WT. The graph shows the average data, and error bars represent the S.E. for the three replicates. E, TCM and EMVs from FLAG construct transfected cells were obtained and analyzed as in C with the exception that blots were probed with an ␣-CD63 antibody.
EMV in a glycan-dependent manner. We reasoned that overexpression of the EWI-2 glycan site mutants (N1, N12, N123), which alter EWI-2 trafficking to EMV (Fig. 4) but not associa-tion with CD81 (32), should have a similar effect on CD81 if CD81 trafficking to EMV were EWI-2-dependent. To the contrary, we found that overexpression of the N1, N12, and N123 FIGURE 5. CD81 recruitment to EMV is glycan-dependent but not EWI-2-dependent. A, inhibition of complex N-glycan alters CD81 trafficking to EMV. Sk-Mel-5 cells were treated with DMJ (1 mM) for 48 h before collection of TCM or EMV (ϩ DMJ). Untreated Sk-Mel-5 cells were used as a control (Ϫ DMJ). TCM and EMV samples (ϩ/Ϫ DMJ) were probed for CD81. Equal amounts of TCM samples (25 g of protein) and of EMV (10 g of protein) were compared by SDS-PAGE and Western blot analysis. Western blots shown are representative of two biological replicates. B, CD81 was immunoprecipitated from equal amounts (by protein) of DMJ-treated and -untreated TCM samples. Immunoprecipitated samples were run on SDS-PAGE then analyzed for CD81 by Western blot analysis with a different ␣-CD81 antibody than that used for immunoprecipitation. Western blots shown are representative of two biological replicates. C, cell surface localization of CD81 is not affected by DMJ treatment. Sk-Mel-5 cells were treated with either DMJ (1 mM, DMJ ϩ) or buffer (DMJ Ϫ) for 48 h. The cells were fixed and stained with an ␣-CD81 antibody (␣-CD81 biotin, Cy5-␣-biotin mAb, red). Cells were imaged with fluorescence microscopy. The scale bar is 20 m. D, Sk-Mel-5 cells were transfected with WT, N1, N12, and N123 EWI-2-FLAG constructs, and TCM samples were collected. EMV samples were isolated from culture media. Equal amounts of TCM samples (25 g of protein) and EMV (10 g of protein) samples were loaded onto SDS-PAGE and analyzed by Western blot analysis for CD81. Western blots shown are representative of three biological replicates. E, a stable EWI-2 knockdown of the Sk-Mel-5 cell line was generated using lentiviral stocks of shRNA. EMV samples were isolated from the EWI-2 knockdown cell line (EWI-2 KD) or from parent Sk-Mel-5 (WT). Equal amounts of EMVs (10 g) were resolved using SDS-PAGE and analyzed by Western blot analysis for EWI-2 and CD81. Western blots shown are representative of three independent EMV isolations from this cell line. mutants had no effect on the levels of CD81 observed in EMV ( Fig. 5D ), in line with what was observed for CD63 ( Fig. 4E ). To confirm this finding we generated a stable EWI-2 knock-out cell line using shRNA and examined the levels of CD81 in EMV isolated from these cells. It should be noted that the EWI-2 knock-out cell line produced equivalent levels of EMV as wild type. In concordance with our earlier results, we saw no effect on CD81 recruitment to EMV in the EWI-2 knock-out cell line. Based on this data, EWI-2 is not involved in the observed glycan dependence of CD81 trafficking, a mystery with implications for the use of this tetraspanin as an EMV biomarker.
Glycosylation Alters Recruitment of Galectin-3 and Galectin-3-binding Protein to EMV-Several lectins are known to control glycan-dependent sorting of glycoproteins to specific membranes, including galectins. Galectins are a polyLacNAc-binding lectin family, members of which have been shown to regulate protein trafficking in polarized epithelia (46, 47) . Our preliminary mass spectrometry data identified both galectin-3 and the G3BP (also know as Mac-2BP), a known galectin-3 glycoprotein partner, in EMVs from Sk-Mel-5. Galectin-3 was not enriched in EMVs compared with total cell membrane, in contrast to G3BP (Fig. 6, A and B) . Altering glycosylation of Sk-Mel-5 cells and the resulting EMVs from complex to high mannose structures by DMJ treatment reduced galectin-3 levels in both the total cell membrane and EMV samples, consistent with the loss of binding epitopes. This provides evidence that in EMVs galectin-3 is associated with the external EMV membrane through glycan binding. Similar results have been observed in other systems for galectins-5 (48) and -9 (49) .
In contrast, DMJ treatment greatly enhanced the trafficking of G3BP into EMVs (Fig. 6B) . The enhancement in the signal observed was surprising and was not due to increased availability of a cryptic epitope to the antibody. PNGase F cleavage of N-glycans on EMVs from untreated Sk-Mel-5 cells had no effect on the level of antibody binding, although the expected decrease in molecular weight was observed (data not shown). The differential response of G3BP and EWI-2 recruitment into EMVs upon DMJ treatment points to more than one potential mechanism for glycan-dependent protein trafficking to EMVs, in line with what is observed in other protein trafficking pathways, e.g. apical trafficking (12, 13, 50) .
DISCUSSION
EMVs are increasingly recognized as a form of long range communication between cells within the body. The nature of this communication depends upon the EMV origin and upon its protein content. The proteins recruited into EMVs are not random; however the determinants underlying protein trafficking to these particles remain to be worked out. Herein, we provide strong evidence that N-linked glycans are one determinant for EMV protein trafficking.
Glycosylation plays a role in the trafficking of discrete subsets of proteins to membrane domains. This has been validated in the classical protein-sorting pathway apical to basolateral trafficking, where multiple glycosylation and other sorting signals exist and are protein-specific determinants (12, 13, 51, 52) . Glycosylation has never been shown as a sorting determinant for trafficking to EMVs. In earlier work we demonstrated a conserved glycosylation signature for EMVs that was distinct from the overall parent cell membranes, with EMVs showing enrichment in poly/multiantennary LacNAc, complex N-linked glycans, high mannose, and ␣2,6-sialic acid epitopes (14, 15) . Herein we show that CD63 and CD81, tetraspanins enriched in EMVs that define the membrane domains from which they arise (53, 54) , colocalize with high levels of poly/multiantennary LacNAc epitopes (DSA) on melanoma cells as observed by fluorescence microscopy (Fig. 1) . The colocalization is highly significant as seen in the Pearson correlation coefficients (PCC ϭ 0.876, DSA/CD81; PCC ϭ 0.875 (membrane only) DSA/CD63). This strongly suggests that EMVs arise from membrane domains that are characterized by the enrichment of these glycans, hinting at a role for glycosylation in protein sorting to these domains.
The mechanism of protein sorting in classical protein trafficking (i.e. apical versus basolateral) is highly dependent on the protein itself as there are multiple potential determinants that can overlap, of which glycosylation is only one (51, 55) . To find proteins for which glycosylation is the critical determinant, we identified glycoproteins in EMVs that both bound to a DSA column and were enriched in EMVs (Fig. 2) . We identified three glycoproteins, G3BP ADAM-10, and EWI-2. We focused on the trafficking of EWI-2 to EMVs as its glycosylation sites were known and glycan mutants had previously been made (34) . We confirmed that EWI-2 contained complex N-glycans and found that inhibition of these glycans by DMJ, which halts glycan processing at the high mannose stage, inhibited recruitment of EWI-2 into EMVs (Fig. 3) . It did not, however, alter the gross cell surface localization of EWI-2, arguing that this is not a protein folding issue. Genetic ablation of the glycan attachment sites in EWI-2 also caused a loss of EMV recruitment. Trafficking of EWI-2 to EMVs was proportional to the number of N-glycan sites removed, and again no gross changes in cell surface localization were observed (Fig. 4) . Taken together our data provide strong evidence that both the amount and nature of the glycan epitope control EWI-2 recruitment to EMV, arguing that glycosylation is an EMV sorting determinant for this protein.
We expect that multiple signals will exist for protein trafficking to EMVs of which complex N-linked glycosylation is one. A likely mechanism for carbohydrate-mediated glycoprotein trafficking to EMV is through lectin-mediated oligomerization. Lectins are carbohydrate-binding proteins that are often multivalent or oligomeric, enabling them to cross-link glycoproteins. Membrane proteins oligomerized by either self-association domains or through the addition of an exogenous reagent such as a multivalent antibody are selectively sorted to EMVs arguing that oligomerization alone is a sufficient signal to recruit proteins into these structure (53, 56) . Several lectins known to be involved in protein trafficking are good candidates for recruiting glycoproteins into EMVs including a family of polyLacNAc binding lectins known as galectins (13) . Galectins either contain multiple carbohydrate binding domains or multimerize to create galectin-glycoprotein oligomers that coalesce into "galectin lattices" (46) . Multiple galectins, including galectins-3, -4, and -9, have been shown to regulate protein trafficking in polarized epithelia (46, 47) . In this work we identified galectin-3 in our EMVs and found that it is associated with them in a glycan-dependent manner (Fig. 6 ). Previous work also identified galectin-1 in these EMVs. Whether these galectins are responsible for the complex N-glycan-dependent sorting to EMVs observed is the subject of future work but their presence suggests a mechanism for this trafficking event.
One surprising finding in our work was the increased amounts of G3BP (also known as Mac-2BP) found in EMVs when the glycans were shifted to a high mannose cohort by DMJ. This is suggestive that high mannose itself may act as a second potential N-glycan sorting signal. In previous studies we have shown increased high mannose in EMVs (14, 15) . It is also consistent with a report that G3BP requires ERGIC-53, a known high mannose binding lectin (58) , for secretion (59) . ERGIC-53 is recruited to viral particles and required for infectivity of areaviruses, coronaviruses and filoviruses (60) . Taken together, this is highly suggestive of a role for ERGIC-53 in recruiting G3BP to EMV, a hypothesis which remains to be tested.
A second surprising finding was the glycan dependence of CD81 recruitment to EMVs (Fig. 5 ). Treatment of Sk-Mel-5 with DMJ inhibited CD81 levels in EMVs by Ͼ60% but had no effect on EMV amounts either by protein or CD63 levels or on CD81 localization as observed by fluorescence microscopy. We initially hypothesized that this change in CD81 could be due to EWI-2-dependent trafficking (33) given the known glycan-independent association between EWI-2 and CD81. Several lines of evidence, most convincingly the lack of change in CD81 levels in EMV from EWI-2 knockdown cell lines, argue that this is not the case. Although we do not understand the glycan dependence of CD81 recruitment, this finding has important implications for the use of this tetraspanin as an independent marker for EMVs.
In conclusion, our work presents the first strong evidence that N-linked glycans are a sorting determinant in EMV cargo protein recruitment and suggests potential mechanisms. Further work is clearly needed to fill in the details of how N-linked glycans control glycoprotein recruitment into EMVs. Given the importance of protein content in the functions of these particles, a deeper understanding is critical to our ability to manipulate, utilize, and understand this important aspect of cellular communication.
